, organic light emitting devices (OLEDs) 16 , photochemistry 11, 12 , and bio-labelling reagents 17 have received considerable interest. Regarding the design of transition metal-containing luminophores, iridium(III) center has received great attention on the basis that it is a heavier analogue of ruthenium(II) center 18, 19 . After the isolation of stable NHCs by Arduengo and co-workers in 1991 20 , intensive investigations on NHCs and the derived metal complexes have been centralized on the development of catalytic reagents for organic transformations [21] [22] [23] [24] [25] . On the other hand, employment of N-heterocyclic carbenes (NHCs)-derived ligands as an alternative of polypyridines in the design of transition metal-based luminophores is growing to be an important research topic recently.
Polypyridyl ruthenium(II) or other d
6 -transition metal complexes represent an important class of emissive molecular material [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Their triplet [d π (M) → π *(polypyridyl)] metal-to-ligand charge transfer ( 3 MLCT) excited-states are known to derive rich photophysical and photochemical properties, and their applications in solar energy conversion 11, 15 , organic light emitting devices (OLEDs) 16 , photochemistry 11, 12 , and bio-labelling reagents 17 have received considerable interest. Regarding the design of transition metal-containing luminophores, iridium(III) center has received great attention on the basis that it is a heavier analogue of ruthenium(II) center 18, 19 . After the isolation of stable NHCs by Arduengo and co-workers in 1991 20 , intensive investigations on NHCs and the derived metal complexes have been centralized on the development of catalytic reagents for organic transformations [21] [22] [23] [24] [25] . On the other hand, employment of N-heterocyclic carbenes (NHCs)-derived ligands as an alternative of polypyridines in the design of transition metal-based luminophores is growing to be an important research topic recently. For example, emissive Ru(II) 26 , Ir(III) 18, 19 , and Pt(II) 27 multinuclear Cu, Ag, and Au complexes have also been prepared, in which the NHCs facilitate the metal-metal interaction-induced emissions 28, 29 . We have initiated a program to develop organometallic Ru(II)/Os(II)-diimine and related luminophores [30] [31] [32] [33] , and very recently we have reported emissive osmium(II) carbonyl complexes bearing 1,3-bis(1-methylimidazolin-2-ylidene)phenyl anion ( ) and π *(N^N) levels. This suggests that the NHC-derived ligands would not only act as point charge/spectator ligands, but can also be involved in the emissive excited-state to modify the photophysical properties of a metal-diimine luminophore. As an extension to scrutinize the effect of C^C^C pincer ligands on the photophysical properties of a [M(N^N)] moiety, we now present the preparation, spectroelectrochemical, photophysical, and theoretical investigations of a class of emissive hydrido iridium(III) complexes bearing C^C^C pincer ligands and aromatic diimines, [Ir(C^C^C)(N^N)(H)] Figure 2 ; selected bond distances and angles are summarized in Table 1 . In each case, the Ir atom adopts a distorted octahedral geometry, with the C^C^C-pincer coordinating in a meridional mode. The ring systems on C^C^C are not perfectly co-planar: the NHC moieties (i.e. imidazolin-2-ylidene or benzimidazolin-2-ylidene units) are tilted towards the hydride ligands, and the angles between the NHC planes are 12. 
Results

Synthesis. Emissive Ir(III) complexes [Ir(C^C^C)(N^N)(H)]
are in the range of 2.071(7)− 2.099(4) Å 18 , the significantly shorter Ir-C Ph distances in this work most likely arise from the strain intrinsic to the metal-C^C^C moieties.
Electrochemistry. Cyclic voltammetry has been used to examine the electrochemistry of the complexes (Table 2 ; all values vs Cp 2 Fe +/0 ). 1-2 show irreversible first oxidation waves at E pa = 0.69 to 0.77 V (scan rate = 100 mV s ), and reversible first reduction couples at E 1/2 = -2.00 to -1.73 V. It is noted that both the first oxidation waves and the first reduction couples are sensitive to the change of C^C^C and N^N. For example, the first reduction potentials for 1a-1d (-2.00 to -1.83 V) are slightly more negative than those for 2a-2d (-1.95 to -1.73 V), and the ease of reduction follows the order: d > b ≈ a > c. These findings suggest that both the highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecule orbitals (LUMOs) for 1-2 contain contributions from the C^C^C and N^N, in agreement with our DFT calculations (see discussion below). Moreover, the contribution of N^N to the LUMOs of 1-2 is apparent as [Ir(C
1^C^C1
) 2 ]
+ does not feature any reduction wave within the solvent window.
UV-Visible Absorption and Spectroelectrochemistry.
The UV-visible spectral data for 1, 2, Table 3 , and their absorption spectra are depicted in ); [38] [39] [40] [41] [42] [43] (2) a red-shift in absorption energy is observed when N^N is changed from Me 2 bpy to bpy, and from phen to dpq; (3) 1-2 display solvatochromic effect in the spectral region concerned. For example, the λ max for 1a within this spectral region is 374 nm in CH 3 CN, and is 384 nm in CH 2 Cl 2 ; (4) there are no corresponding absorption bands for [Ir(
This assignment is consistent with the TD-DFT calculations on complexes 1a and 2a, which suggest that the nature of electronic transitions in the spectral region concerned to be mainly attributed to the HOMO-1 → LUMO and HOMO-2 → LUMO transitions, where the HOMO-1 and HOMO-2 have higher Ir contribution (27-59%) than that in LUMO (3-4%), and LUMO has higher N^N contribution (93%) than those in HOMO-1 and HOMO-2 (3-15%) (see discussion below). The contribution of N^N to the LUMOs for 1 and 2 is further confirmed by spectroelectrochemistry. Thin-layer UV-visible spectroelectrochemistry has been employed to acquire the absorption spectra for 1a − and 2a − , the reduced forms of 1a and 2a respectively (Figure 4 ). The isosbestic spectral , blue-shift on emission maxima, higher emission quantum yield, and longer excited state lifetime are observed when changing the N^N from 2,2-bipyridine to 1,10-phenanthroline 30 . The resemblance of the excitation profiles to the absorption spectra signifies that the emissions originate from the energy dissipation of the d π (Ir + is highly structured and the emission maxima (378 and 398 nm) are not sensitive to the change of solvent, therefore these emissions are assigned as π → π * (C^C^C) 3 + (2a'), in which their metal cores are the same as 1a and 2a but the butyl chains on the C^C^C are replaced by methyl groups to reduce computational cost. The ground-state structures of 1a' and 2a' have been optimized at the DFT level (functional = PBE0) 45, 46 without symmetry constrain. The conductor-like screening model (COSMO) 47 has been applied to account for solvent effects upon the electronic transition. All the optimized geometries are in satisfactory agreement with their crystal structures. For example, the Ir-C NHC and Ir-C Ph bond distances calculated for 1a' (2.05-2.06 and 1.97 Å respectively) are similar to those for 1a determined by X-ray crystallography (Ir-C NHC : 2.049(3) and 2.055(3) Å; Ir-C Ph : 1.975(3) Å).
The excitation energies and oscillator strengths for the calculated vertical transitions with λ > 360 nm are summarized in Table 5 . are involved in the lowest-energy electronic transitions in these complexes. Figure 6 depicts the simulated absorption spectra. It is noted that the calculated lowest-energy dipole allowed transitions (λ > 360 nm) mainly originate from the HOMO-1 → LUMO and HOMO-2 → LUMO transitions. The HOMOs-1 and HOMOs-2 have higher Ir contribution (27-59%) than that in LUMOs (3-4%), whereas the LUMOs have higher N^N contribution (93%) than those in HOMOs-1 and HOMOs-2 (3-15%), therefore the transitions contain some Ir → π *(N^N) MLCT character. This finding is consistent with the spectroscopic observation that a red-shift in absorption energy is observed when N^N is changed from Me 2 bpy to bpy, and from phen to dpq. Besides, the contribution of C^C^C to both the HOMOs-1 and HOMOs-2 are not low (27-69%), suggesting that the C^C^C ligands contribute significantly to the d π (Ir III ) levels. The electronic difference density plots for 1a' and 2a' in their lowest-energy excited state ( Figure 6 , generated by taking the difference in the excited-state electron density and ground-state electron density) clearly show that electronic charge is depleted from the Ir center and accumulated at the N^N moiety. The emissions from complexes 1-2 are thus believed to be originated from the triplet d π (Ir III ) → π *(N^N) MLCT states.
Conclusion
In this work a series of emissive Ir(III) hydrido complexes bearing the NHC-derived tridentate C^C^C pincer ligands and aromatic diimines have been prepared. This joint experimental and theoretical study reveals that the lowest-energy absorptions associated with these complexes arise from a d π (Ir 
Methods
General Procedure. All reactions were performed under an argon atmosphere using standard Schlenk techniques unless otherwise stated. All reagents and solvents were used as received. The C^C^C ligand precursors, i.e. benzene-bridged bisimidazolium bromide 48 , and [Ir(1,5-cod)Cl] 2 (cod = 1,5-cyclooctadiene) 49 Figure 7 depicts the labeling scheme for the H and C atoms. Peak positions were calibrated with solvent residue peaks as internal standard. Electrospray mass spectrometry was performed on a PE-SCIEX API 3000 triple quadrupole mass spectrometer. Infrared spectra were recorded as KBr plates on an Avatar 360 FTIR spectrometer. UV-visible spectra were recorded on a Shimadzu UV-1700 spectrophotometer. Elemental analyses were done on an Elementar Vario Micro Cube carbon-hydrogen-nitrogen elemental micro-analyzer. Cyclic voltammetry was performed with a CH Instrument model 600C series electrochemical analyzer/workstation. All the electrochemical measurements were performed in CH 3 CN solution with [n-Bu 4 N]PF 6 (0.1 M) as supporting electrolyte at room temperature. The glassy-carbon working electrode was polished with 0.05 μm alumina on a microcloth, sonicated for 5 min in deionized water, and rinsed with CH 3 CN before use. An Ag/AgNO 3 (0.1 M in CH 3 CN) electrode was used as reference electrode, with a platinum wire as the counter electrode. All solutions were degassed with nitrogen before experiments. The E 1/2 value of the ferrocenium/ferrocene couple (Cp 2 Fe
) measured in the same solution was used as an internal reference. Steady-state emission spectra were obtained on a Jobin Yvon Fluorolog-3-TCSPC spectrophotometer. Sample and standard solutions were degassed with at least three freeze-pump-thaw cycles. The emission quantum yields for complexes 1-2 were measured by the method of Demas . The emission quantum yields were calculated by Φ s = Φ r (B r /B s )(n s /n r ) 2 (D s /D r ), where the subscripts s and r refer to sample and reference standard solution, respectively, n is the refractive index of the solvents, D is the integrated intensity, and Φ is the luminescence quantum yield. The quantity B is calculated by B = 1 -10
−AL
, where A is the absorbance at the excitation wavelength and L is the optical path length 52 . Complex 1d. Yield . Inserts show the electronic difference density plots for 1a' and 2a' at the vertical transitions marked with * (isodensity value = 0.002 au; charge accumulation and depletion are represented in red and blue respectively). Complex 2a. Yield were optimized without symmetry constrain using the density functional PBE0 45, 46 . The def2-SVP basis sets were used for the H, C, and N atoms, while the def2-TZVP(-f) basis sets were used for the Ir atoms 56 . Zero-order regular approximation (ZORA) was employed to account for relativistic effects. Tight SCF convergence (10 −8 au) was used for all calculations. The vertical transition energies for these model complexes in CH 3 CN were computed at their respective gas-phase optimized ground-state geometries using time-dependent-DFT (TD-DFT) method with the same density functional and basis sets in the geometry optimizations. The combination of the resolution of the identity and the "chain of spheres exchange" algorithms (RIJCOSX) 57 was used to accelerate all DFT and TD-DFT calculations with the use of appropriate auxiliary basis sets. The conductor-like screening model (COSMO) 47 was used to account for solvent effects upon the electronic transition. All the calculations were performed using the ORCA software package (version 3.0.2) 58 .
[Ir(C^C^C)(N^N)H](ClO 4 ), 1-2(ClO 4 ).
